Chalcogenide glasses (ChGs) are widely recognized as the material of choice for sensing, flexible substrate integration and alloptical signal processing due to their broad transparency window in the infrared region, low processing temperature, and high Kerr nonlinearity [1] [2] [3] [4] [5] . In addition, their high refractive indices enable small optical mode volume without suffering from excessive radiative loss. Nevertheless, unlike standard integrated photonic materials with well-established processing protocols such as silicon and silica, planar processing of ChGs remains much less mature despite their exceptional optical properties. Prior work has explored planar ChG photonic device fabrication using standard semiconductor microfabrication techniques such as plasma etching, wet etching [6] , ion milling [7] , nanoimprint [8, 9] , and liftoff [10] . In particular, Madden et al. [11] demonstrated a remarkable low propagation loss of 0.05 dB/cm in large-core rib waveguides via fluorine plasma etching. Small-core single-mode strip waveguides, however, suffer from much higher loss due to the stronger optical modal overlap with rough waveguide sidewalls. The best reported result of 0.84 dB/cm was obtained recently by Chiles et al. [12] using plasma etching with a chlorine chemistry. We note that in both cases, the waveguide loss figures far exceed the intrinsic material attenuation in ChG materials, as Q-factors as high as 7.2 × 10 7 , which corresponds to an optical loss of less than 0.002 dB/cm, have been reported in ChG microspheres [13] . It is apparent that optical scattering from waveguide sidewall roughness and possibly glass inhomogeneity [14] represent the dominant attenuation mechanism in the measured waveguide loss.
Our prior work had relied on UV photolithography for ChG microphotonic device fabrication, although large sidewall roughness (10-15 nm root mean square [15] ) due to the limited feature resolution can compromise the resulting device performance. In this paper, we report a systematic study of low-loss ChG device processing using electron beam lithography coupled with reactive ion dry etching. Compared to UV photolithography, electron beam (e-beam) lithography is known to offer deep-submicron resolution and significantly reduced pattern edge roughness, and is therefore suited for low-loss, high-index-contrast ChG device processing. Both chlorine and fluorine etching gases are investigated, as both chemistries have been adopted for low-loss ChG device patterning [11, 12] .
The ChG devices were fabricated on 6" silicon wafers with 3 µm thermally grown oxide coating (Silicon Quest International). A piranha clean was performed prior to film deposition to remove any organic residue from the wafer surface. Subsequently, Ge23Sb7S70 (GSS) bulk glass prepared by conventional melt/quench protocols previously reported [16] was thermally evaporated onto the wafer to form a 450-nm-thick ChG film using established protocols [16] .
We chose the GSS composition over the classical As2S3 or As2Se3 systems given the superior oxidation-resistance of GSS glass, whereas As2S3 or As2Se3 glasses are prone to surface oxidation [9] . The deposition rate was maintained at 15 Å/s. A 400-nm-thick ZEP-520A resist (ZEON Chemicals) layer was then spun onto the glass film and exposed by an Elionix ELS-F125 e-beam lithography tool using a beam current of 10 nA. The resist was then developed by immersing in ZED-N50 (ZEON Chemicals) for 1 minute to reveal the patterns.
Reactive ion etching was then carried out on a PlasmaTherm reactive ion etching (RIE) tool (PlasmaTherm Inc.). Both chlorine and fluorine chemistries were investigated. In both cases, the gas flow rate, chamber pressure, radio-frequency (RF) power and etching gas ratio (for the fluorine chemistry) were systematically varied to determine the optimal etching recipes which generate photonic devices with minimal loss (detailed results not shown). Table 1 summarizes the optimized etching parameters for both chemistries. Channel waveguides with cross-sectional dimensions of 800 nm × 450 nm were fabricated by etching through the entire GSS layer. After etching, remaining resists were stripped by soaking the sample in N-Methyl-2-pyrrolidone (NMP) for 2 hours and then sonicating for 30 seconds. The fluorine etched samples underwent an additional oxygen plasma treatment step to remove the fluorocarbon polymer deposited on the waveguide sidewalls formed during the plasma process. Figure 1 shows the top-view and cross-sectional SEM images of GSS waveguides prepared using the recipe listed in Table 1 . As seen in Fig 1a, chlorine-etched waveguides feature a clean, residue-free morphology consistent with previous report [12] . However, the chlorine-etched waveguide sidewalls are encapsulated by a thin coating layer (the white lines on the waveguide edges shown in Fig.  1a ) with a composition different from that of GSS, evidenced by the secondary electron image contrast in Fig. 1b . In some cases, the coating layer was also formed on the ZEP resist sidewalls, which upon resist removal resulted in a "bunny ear" geometry protruding on top of the waveguide (Fig. 1b) . We performed X-ray Photoelectron Spectroscopy (XPS) titled beam analysis to ascertain the coating layer composition. In the experiment, a GSS grating sample was prepared using the same set of parameters used to etch the waveguide devices. Fig. 2a illustrates the XPS interrogation configuration: the grating duty cycle and height as well as the X-ray incident angle are chosen so that the X-ray beam pre-dominantly interacts with the grating line sidewalls (and top surface of grating lines to a much lesser extent) to exclude spurious signals from the substrate. Since XPS is a surface-sensitive technique with typical penetration depths less than 10 nm, the XPS spectrum shown in Fig.  2b represents the surface coating layer composition. The XPS result indicates that the coating contains Si, O, C (a common atmospheric contaminant routinely observed on samples exposed to ambient environment) and trace amount of F which is likely introduced from the etching chamber. Furthermore, the coating can be removed by rinsing the sample in dilute HF solutions. We therefore conclude that the coating layer mostly consists of silicon oxide. This is not surprising since the plasma etching chamber we used was located in a shared facility and was therefore routinely used for etching silicon compounds. In fact, similar silicon oxide coatings were identified on plasma etched III-V semiconductor nanostructures [17] for the same reason as we identified here. To further clarify the role of the silicon oxide coating in defining the etched structure geometry, we performed another set of plasma etching tests after thoroughly cleaning the etching chamber immediately prior to chlorine etching, but otherwise followed identical experimental protocols. Severe undercut was observed in etched waveguides, which is accompanied with significant increase of sidewall roughness as shown in Fig. 1c . The result suggests that the silicon oxide coating which spontaneously forms during the plasma etching step is essential to minimizing radical chemical attack on the GSS pattern sidewalls and maintaining a vertical sidewall profile. This can be envisioned, as silicon oxide is known to be inert in a chlorine plasma. Figure 1d and 1e show that fluorine etching similarly generates a nearly vertical sidewall profile. During the fluorine etch, carbon and fluorine radicals generated by the plasma react to form a fluorocarbon polymer passivation layer on the sidewall that prevents lateral etching. The fluorocarbon polymer coating also accounts for the residue observed on the etched surfaces at the two sides of the waveguide (Fig. 1d) formed by self-masking [18] . It is interesting to note that the vicinity of the waveguide is free of residues, likely due to shadowing effect. This phenomenon is useful to producing waveguide devices with smooth sidewalls and low optical loss.
Performance of the fabricated devices near 1550 nm wavelength was evaluated using a fiber end fire coupling method on a LUNA Technology laser with built-in Optical Vector Analyzer. To quantitatively assess propagation loss, micro-ring and micro-disk resonators were fabricated by both chlorine and fluorine etching. Optical micrographs of the fabricated resonator samples are shown in Fig. 3a and 3b . All resonators are 50 µm in radius. Both the microring and the coupling bus waveguides have cross-sectional dimensions of 800 nm × 450 nm. Fig 3c plots a representative transmission spectrum of the micro-ring resonator. The best microring resonator performance is obtained in devices etched by the fluorine chemistry, which yields an intrinsic Q factor of 750,000. The waveguide propagation loss α (in cm -1 ) is calculated using Eq. 1:
where λr denotes the resonant wavelength, and ng represents the group index. The group index is inferred from the Free Spectral Range (FSR) using Eq. 2
to be 2.30, where L is the round trip length of the resonator. Eq. 1 gives a waveguide propagation loss of 0.5 dB/cm. To the best of our knowledge, this value represents the lowest loss figure reported in sub-micron single-mode ChG channel waveguides. Micro-disk resonators prepared using the same etching protocols yield high quality factors of 10 6 (not shown) for chlorine etched samples and 1.2 × 10 6 (Fig. 3f) for fluorine etched samples, the highest Q-factors in planar ChG optical devices [12, [19] [20] [21] [22] [23] . Although both etching chemistries are capable of producing high Qfactors, fluorine etching is preferred over chlorine etching in our case since sidewall passivation using silicon oxide in the case of chlorine etching requires deliberate introduction of trace silica contaminants into the etching chamber, which is far less reproducible compared to fluorocarbon polymer formation during fluorine etching. To quantify the roughness scattering contribution to optical loss, sidewall roughness of the waveguides was determined from high magnification SEM images using the imaging processing software ImageJ. In the example shown in Fig. 4 , the waveguide edge profile, represented by a function f(z), was extracted from the image using grayscale analysis. The roughness metrics were subsequently evaluated following procedures described in Ref. [24] and the results were averaged over multiple waveguides. Specifically, the autocorrelation function of the waveguide sidewall roughness is calculated using:
where the brackets represent ensemble average. The roughness power spectral density (PSD) function is the Fourier transform of R(u). The PSD function is plotted in Fig. 4c and a root-mean-square (RMS) roughness of (2.4 ± 0.2) nm for fluorine etched waveguides is obtained from the analysis. Fig. 4c In summary, we have demonstrated low-loss GSS photonic device fabrication using electron beam lithography and plasma etching. Optimized chlorine and fluorine etching chemistries are both capable of producing vertical sidewalls and low-loss devices. For fluorine etching, fluorocarbon polymers develop during deposition and provide sidewall passivation, whereas nonintentionally introduced silicon oxide impurities are the primary passivation agent in chlorine etching. A low propagation loss of 0.5 dB/cm and a high Q-factor of 1.2 million were obtained in submicron single-mode waveguides and micro-disk resonators patterned using fluorine etching, respectively. These values represent the best low loss performance reported to date in planar chalcogenide glass devices.
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